Self-sorting, in which multiple components selectively assemble themselves by recognising self from others, is an attractive approach to produce supramolecular assemblies with controlled structures. Lock-and-key type complementary physical interactions are required for self-sorting because selective affinity is necessary to distinguish self from others. Here we show self-sorting behaviour based on a principle of geometrical complementarity by shape during our investigation of assembly of pentagonal pillar 
S elf-sorting requires components to exhibit a higher affinity for themselves over other components, and is an attractive approach to produce supramolecular assemblies with controlled structures and creation of integrated functions [1] [2] [3] . Artificial self-sorting has been observed in certain molecular systems based on lock-and-key type complementary physical interactions such as hydrogen bonds 4, 5 , metal-ligand coordination bonds 6 and host-guest interactions [7] [8] [9] [10] [11] . Self-sorting is an attractive approach to produce complex supramolecular systems and materials; thus, self-sorting based on new principles is highly desired. For instance, the sequence of only four DNA bases defines the genetic code, which is of prime important for life. In a cell, different supramolecular assemblies acting independent functions were produced by the self-sorting of molecules. In this study, during our investigation of assembly of pillar[n]arenes on a surface, we discovered unexpected self-sorting behaviour dominated by the geometrical complementarity by shape of pillar [n] arenes. Pillar[n]arenes, which were first developed by our group in 2008 12 , have highly symmetrical polygonal tubular structures; examples include pillar [5] arenes and pillar [6] arenes, which are pentagonal and hexagonal molecules, respectively [13] [14] [15] [16] [17] [18] . Based on strong multivalent ionic interactions, we successfully constructed multilayer films with molecular-scale pores by consecutive adsorption of cationic and anionic pillar [5] arenes onto a solid substrate 19, 20 . The distict tubular structure of the pillar [5] arenes and the presence of cationic and anionic groups at both edges of the pillar [5] arenes enabled the formation of multivalent ionic interactions and construction of multilayer film on a substrate.
Here we show self-sorting behaviour based on a principle of geometrical complementarity by shape during our investigation of assembly of pentagonal pillar [5] arenes and hexagonal pillar [6] arenes on a surface. The pillar [6] arene-based multilayer films are obtained by repeated alternating immersion in cationic and anionic pillar [6] arene solutions. We also examine assembly of ionic pillar [6] arenes onto layers constructed from oppositely charged pillar [5] arenes to fabricate multilayer films possessing different molecular-scale pores at desired positions. However, contrary to our expectations, assemblies form through cavityshape-dependent self-sorting; ionic pillar [5] arenes are adsorbed onto layers constructed from oppositely charged pillar [5] arenes, but ionic pillar [6] arenes are not. Equally, for the reverse combination, ionic pillar [6] arenes are adsorbed onto layers constructed from oppositely charged pillar [6] arenes, but ionic pillar [5] arenes are not. The electrostatic cationic-anionic interactions used to form the assemblies are strong non-directional physical interactions, which means they are not inherently suitable for selfsorting. Nevertheless, the geometrical complementarity by shape realises the effective self-sorting. This behaviour is a consequence of the formation of different assembly patterns on the surface depending on the ring shape of the pillar[n]arenes.
Results
Cavity-shape-dependent self-sorting on a surface. Multilayer films of pillar [6] arenes n[6]L (n is the number of deposited layers) were constructed by alternating adsorption of cationic pillar [6] arene (Fig. 1a, P [6] + ) 21 and anionic pillar [6] arene (Fig. 1a, P [6]−) 22 on a quartz substrate. This is the same approach that was used to construct multilayer pillar [5] arene films n [5] L from cationic pillar [5] 24 . Each step in the construction of the multilayer assembly (Fig. 1b) was monitored by ultraviolet-visible (UV-vis) spectroscopy measurements.
The absorption at 293 nm, which corresponds to the absorption of 1,4-dialkoxybenzene units in pillar [6] arene, increased linearly with the number of deposited layers ( Fig. 2a and b) . The same trend was also observed for multilayer film constructed from P[5]+ and P [5] − (Supplementary Figure 1) , and indicates that multilayer films were obtained by repeated alternating immersion in P [6] + and P [6] − solutions. The rate of increase of the absorption intensity at 293 nm for the multilayer films of pillar [6] arenes was larger than that for the pillar [5] arenes (Fig. 2b) , which suggests that the density of pillar [6] arenes on the substrate was higher than that of pillar [5] arenes. Hexagonal molecules can be closely packed to construct high-density supramolecular assemblies known as molecular tiling [25] [26] [27] [28] . A possible reason for the higher density of pillar [6] arenes on the substrate compared with that of pillar [5] arenes is the higher symmetry of hexagonal pillar [6] arenes compared with that of pentagonal pillar [5] arenes.
To construct microporous films containing different pores, we investigated bilayer formation by adsorption of anionic P Figure 1) or ionic pillar [6] arenes P[6]+ and P[6]− (Fig. 2a) . Thus, the assembly of ionic pillar [5] arenes and pillar [6] arenes on a surface was performed under ring shape-dependent self-sorting (Fig. 1b) . We further Arrangement of cationic pillar [5, 6] arenes on a surface. To better understand the reason why the ring shape-dependent selfsorting occurred on a substrate surface, we first investigated the molecular arrangement of ionic pillar [5] − and pillar [6] arenes on a surface by angle-dependent absorption measurements (Fig. 3a) . [6] L was the highest when the angle of the incident UV light θ was perpendicular to the substrate surface and decreased as θ became shallower (Fig. 3b, c) . Because time-dependent density functional theory (TD-DFT) calculations showed that the transition dipole moments of pillar [5] arenes and pillar [6] arenes are perpendicular to the longer molecular axis ( Supplementary  Figures 2 and 3 ), these observations indicate that the cationic pillar[n]arenes P[5]+ and P [6] + were arranged perpendicular to the substrate through contact with one of the cationic edges of the molecule. This trend is the same as that observed for a twodimensional (2D) hexagonal triptycene array on a substrate 28 .
We directly investigated surface patterns of 1 [5] L and 1 [6] L by frequency modulation atomic force microscopy (FM-AFM) to reveal the reason for the ring shape-dependent self-sorting. Formation of pillar [5, 6] arene assembly was also observed in mica surface for FM-AFM measurements. In the 1[6]L film (Fig. 4f, g ), hexagonal packing patterns were observed. However, the patterns did not display long-range structural order. As shown in Fig. 4g , the direction of the hexagonal packing pattern (yellow ring) indicated by blue line was different from that of another hexagonal packing pattern indicated by red line. The 2D fast Fourier transformation (FFT) spectrum (Fig. 4i) obtained from the FM-AFM image did not show a clear periodic contrast pattern with specific directionality, which also indicates that the hexagonal packing patterns did not exhibit long-range structural integrity. (Fig. 4a) . The hexagonal voids (blue features) displayed high regularity and directionality over a long range (Fig. 4b) . Clear 2D periodic contrasts with spacing of 2.3 nm were observed at 60°i ntervals in the FFT spectrum (Fig. 4d) , which also indicates the long-range structural integrity of the hexagonal contrast patterns with voids produced by assembly of P [5] + molecules. Overall, the 1 [5] L film showed hexagonal contrast patterns with voids with long-range structural integrity, whereas hexagonal patterns with short-range structural integrity were observed for the 1[6]L film. These different patterns would contribute to the ring shapedependent self-sorting of the pillar[n]arenes on the substrate surface. We also performed FM-AFM studies on the bilayer films of pillar[n]arenes (Supplementary Figure 4 and Supplementary Note 1).
To better understand the dependence of the pattern formation of the pillar[n]arenes on their ring shape, a Monte Carlo simulation was conducted considering 1 [5] L and 1 [6] L as regular pentagons or hexagons, respectively. In the simulation, an isotropic pair potential between the pentagons and hexagons consisting of an inner repulsive core and an outer thin attractive shell was originally used (Supplementary Figure 5 and Supplementary Note 2). We expected that 1 [6] L molecules might adopt regular hexagonal arrangement (i.e. triangular lattice); however, such regular arrangement was hardly realised (Fig. 4h) because of the dense packing of molecules, as indicated by the absorption intensity results (Fig. 2b) . Indeed, we observed small hexagonal domains with random orientations, and thus the FFT spectrum of the molecules was circular as shown in the inset of Fig. 4j . We believe that the electrostatic repulsion force may hinder the growth of hexagonal domains for 1 [6] L. In contrast, 1 [5] L molecules adopted zig-zag arrangements or the partially regular arrangement of flattened hexagonal shapes (Fig. 4c) , which exhibited Fourier peaks (Fig. 4e) . Because of their pentagonal shape, the density of 1 [5] L molecules in the simulation was much lower than that of 1 [6] L without extra energetic cost. At the same time, the electrostatic repulsion force would contribute to the regular arrangement of the flattened hexagonal shapes.
The higher structural regularity of a monolayer film of pillar [5] arene P [5] + than that of pillar [6] arene P[6]+ monolayer film was also observed for the multilayer films. Formation of pillar [5, 6] arene assembly was also observed in silicon surface for GI-XRD measurements. Grazing-incidence X-ray diffraction (GI-XRD) measurements revealed that the multilayer film 11 [5] L prepared by alternating adsorption of ionic pillar [5] arenes P [5] + and P [5] − showed a diffraction spot (d = 9.2 Å) in the out-ofplane direction (Fig. 5a ). This diffraction was considered to result from the layered structure of pillar [5] arenes because the d value corresponds to the length of a pillar [5] arene molecule (ca. 8-9 Å) 16 . The layers assembled parallel to the substrate surface. The long-range structural integrity observed for 1 [5] L should result in longrange parallel assembly of the layers to the substrate. In contrast, a diffraction spot in the out-of-plane direction was not observed for the multilayer film 11 [6] L (Fig. 5b) , prepared by alternating adsorption of ionic pillar [6] arenes P [6] + and P [6] −. This indicates the low structural regularity of the multilayer films constructed from P[6]+ and P[6]−. 
Discussion
We discovered self-sorting behaviour when we investigated the assembly of ionic pillar[n]arenes on a surface. The self-sorting on a surface is based on the principle of geometrical complementarity by shape. The lattice difference resulting from the shape different between pentagonal and hexagonal structures should contribute to the self-sorting. The self-sorting observed here is of interest because it is accomplished by match and mismatch of the ring shape of pillar[n]arenes. The ultimate challenge will be to propagate cavity-shape information on the surface to provide shape-recognisable adsorption and adhesive materials.
Methods
UV-vis measurements. UV-vis absorption spectra were recorded with a JASCO V-670 spectrometer. quartz substrates (width: 4 mm, length 10 mm) were used for the UV-vis measurements in the film states.
Anisotropic UV-vis absorption measurements. The incident angle-dependent changes in the absorption spectra of the films were measured by a JASCO model V-670 spectrometer using a rotary sample holder (RSH-744). Anisotropic UV-vis absorption spectra of monolayer films 1 [5] L and 1 [6] L on a quartz substrate, measured upon exposure to un-polarized UV light with various incident angles (θ of 30°, 40°, 50°, 60°, 70°, 80°and 90°). The spectra were corrected for both the irradiated area and the contribution of the absorption of the substrate.
FM-AFM measurements. Aqueous solution of P [5] + or P[6]+ (0.1 wt%) was deposited onto a freshly cleaved mica substrate (Grade V1, SPI Supplies). The sample was incubated at room temperature for 2 h and rinsed with Milli-Q water to remove unadsorbed ionic pillar[n]arenes. FM-AFM measurements were performed using a home-built low-noise deflection sensor and a photothermal excitation system 29 with commercially available AFM controllers (ARC2, Asylum research and Nanonis OC4, SPECS). All AFM experiments were performed in MilliQ water with a commercially available silicon cantilever (PPP-NCHAuD, Nanoworld). The obtained FM-AFM images were processed using Gwyddion software.
Synchrotron radiation X-ray diffraction experiments. The grazing-incidence Xray diffraction (GI-XRD) images of thin-films of 11 [5] L and 11 [6] L were obtained using the BL45XU beamline at SPring-8 (Hyogo, Japan) equipped with a Pilatus3X 2M (Dectris) detector. The scattering vector, q = 4πsinθ/λ, and the position of the incident X-ray beam on the detector were calibrated using several orders of layer reflections from silver behenate (d = 58.380 Å), where 2θ and λ refer to the scattering angle and wavelength of the X-ray beam (1.0 Å), respectively. The sampleto-detector distance was 0.34 m. The obtained diffraction images were integrated along the Debye-Scherrer ring to afford one-dimensional (1D) intensity data using the software FIT2D (http://www.esrf.eu/computing/scientific/FIT2D/).
Theoretical calculations. All the DFT calculations were performed using Gaussian 09 program package. The ground-state geometry of pillar [5] arene with 10 ethoxy moieties and pillar [6] arene with 12 ethoxy moieties were fully optimized by the M06-2X/6-31G(d,p) level of calculation and was confirmed by harmonic vibrational frequency analyses. To estimate excited states and transition dipole moments, we performed time-dependent DFT (TD-DFT) calculations at the optimized geometry [M06-2X/6-31G(d,p)] by using M06 functional and 6-311G(d, p) basis set.
Pre-treatment of substrates. Quartz substrates were sonicated in concentrated nitric acid for 30 min and finally washed with methanol for three times, and dried for 12 h at 100°C to generate anionic silanol moieties on the surface. For FM-AFM and GI-XRD measurements, freshly cleaved mica and silicon wafer were used as substrates, respectively.
Formation of assembly of pillar [5, 6] arenes on surface. The homo-assembly of P[5]+ and P [5] − was previously investigated by us 19 . We applied the same assembly condition for homo-assembly using P Simulation. We assume that molecules are densely distributed on mica substrates, and that the number of molecules (N) is constant due to their electrostatic absorption potentials. We therefore used NVT Monte Carlo simulations of N = 1000 molecules confined to a square box of area A with periodic boundary conditions; the packing fraction of molecules is defined by η = S / A, where S is the area of polygonal shapes. Starting from a random state, all runs are consisted of a quenching at a reduced temperature kBT/ε ≌ 0.3. The typical number of Monte Carlo steps was between 10 8 and 2 × 10 8 as appropriate.
Data availability
The data supporting the findings of this study are available within the article and its Supplementary Information files. All other relevant source data are available from the corresponding author upon reasonable request. Fig. 5 Assembled structures of multilayer films constructed from ionic pillar [5] − and pillar [6] arenes. GI-XRD images of a 11 [5] L and b 11 [6] L on a silicon wafer. Pictures of 11 [5] L and 11 [6] L is provided. The red square is enlarged GI-XRD image. A diffraction spot (d = 9.2 Å) in the out-of-plane direction was observed in the red circle
